Introduction
Flubendiamide, discovered and globally developed by Nihon Nohyaku Co., Ltd., is an insecticide of a novel chemical class named benzenedicarboxamides. The following three characteristic groups make the molecule quite unique: an iodine atom at the 3-position of phthalic acid moiety, alkylsulfonylalkyl group in the aliphatic amide moiety, and heptafluoroisopropyl group in the anilide moiety. Flubendiamide shows selective and extremely high insecticidal activity against broad lepidopterous insect pest species. Its history of discovery, chemistry, structure-activity relationships, biological activity, safety and mode of action are described in brief.
Discovery
In 1989, it was reported that some pyrazinedicarboxamide derivatives showed herbicidal activity, which attracted our research interest due to its structural uniqueness as a herbicide; therefore, our research work was undertaken. In the course of this research, a lead compound for an insecticide was discovered from the class of benzenedicarboxamides which showed insecticidal activity against lepidoptera at a relatively high dose, but not against other orders. Although both the activity level and phytotoxicity of the lead compound were not satisfactory, this compound attracted our attention for both the novelty of its chemical structure and characteristic insecticidal symptoms, such as gradual contraction of the insect body. This finding was enough to prompt us to work intensively on new insecticide research. Optimization of this lead compound was achieved by three breakthroughs of introducing the following key substituents. An iodine atom at the 3-position on the phthaloyl moiety increased insecticidal activity and reduced phytotoxicity to crops. A heptafluoroisopropyl group at the 4-position on the anilide moiety broadened the insecticidal spectrum. A sulfur atom in the alkyl side chain markedly increased insecticidal activity. Finally, flubendiamide was selected as a development candidate, taking various factors into consideration.
Synthesis
The unique chemical structure of flubendiamide made practical synthesis highly difficult. In the early stages, 3-iodo phthalic anhydride was the most important intermediate, which was prepared from 3-nitrophthalic acid by the Sandmeyer reaction. The desired phthalamic acid derivative was obtained regioselectively by reaction with the alkylamine. Phthalamic acid was cyclized to isoimide, which was reacted with the aniline to afford diamide. The alternative route was also investigated to resolve issues such as productivity and reaction waste. As a result of investigations we found a more efficient Flubendiamide, a novel class insecticide possessing a unique chemical structure, was discovered by Nihon Nohyaku Co., Ltd., and was registered in Japan in 2007 under the trade name of Phoenix WDG. The compound is not only the first example of 1,2-benzenedicarboxamide insecticides but also the first practical synthetic insecticide with a mode of action as an activator of ryanodine receptors. It shows high and selective activity against lepidopterous insect pests, which leads to excellent efficacy in the field, and excellent safety against non-target organisms, including various beneficial arthropods and natural enemies. These properties suggested the suitability of flubendiamide for integrated pest management (IPM) programs. © Pesticide Science Society of Japan Keywords: flubendiamide, insecticide, lepidoptericide, ryanodine receptor.
iodination reaction and perfluoroalkylation reaction. Iodine atom was introduced at the ortho-position of the benzamide by a novel palladium-catalyzed reaction. Heptafluoroisopropylaniline was synthesized by the reaction of o-toluidine with heptafluoroisopropyliodide under radical conditions. Both reactions were performed highly regioselectively in extremely high yield.
Structure-Activity Relationships
The chemical structure of 1,2-benzenedicarboxamides can be divided into three parts: the phthaloyl moiety, aromatic amide moiety and aliphatic amide moiety. Structure-activity relationships for each part are described briefly. Substitution of the 3-position of phthaloyl moiety with halogen atom effectively potentiated insecticidal activity. Among the halogen atoms, iodine atom was the most effective. Introduction of fluoroalkoxy and fluoroalkyl groups at the 4-position of the aromatic amide moiety also improved insecticidal activity. Among the substituents, the heptafluoroisopropyl group markedly broadened the insecticidal spectrum. Introduction of a hetero, especially sulfur atom to the alkyl side chain increased insecticidal activity. 
Physical and Chemical Properties

Biological Activity
Flubendiamide showed highly selective activity against various lepidopterous pest species, but not against other orders. Against the strain resistant to conventional insecticides of the diamondback moth, flubendiamide exhibited the same level of activity as against the susceptible strain.
On the other hand, flubendiamide was inactive against beneficial arthropods (except silkworm) and natural enemies, which suggested that flubendiamide was valuable for integrated pest management (IPM) programs.
Safety
Regardless of the route of exposure, flubendiamide and its formulation product showed quite low acute toxity toward mammals. The LD 50 for male and female rats were both Ͼ2000 mg/kg. No critical eye and skin irritation or skin sensitization was recognized on both technical and formulation. Prolonged exposure studies demonstrated that flubendiamide exhibited no evidence of carcinogenicity, teratogenicity, and reproduction toxicity. Toxicity of flubendiamide toward nontarget aqueous species (fish, crustaceans, and algae), honeybees and birds was also quite low.
Mode of Action
A novel mode of action was first suggested by the characteristic symptoms induced by flubendiamide, such as gradual contraction of the insect body, and thickening and shortening without convulsions. Similar symptoms were also seen in insects treated with ryanodine, a plant alkaloid. Extensive research on the mode of action of flubendiamide clarified that flubendiamide was a potent ryanodine receptor modulator. Namely, flubendiamide activated insect ryanodine receptors (RyR functioning as Ca-channel) and subsequently induced calcium release, leading to uncoordinated muscular contraction. Furthermore, flubendiamide showed no effect on mammalian RyR isoforms, suggesting the intrinsic (target molecule level) selectivity of the compound.
